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concentration of the substrate was NI,  - l0l5cm (bulk resistivity 
p -7.5fi.cm) and the sizes of the heavily doped n+-regions are 20 x 
150pm2 (on the mask). The distances of and lEcl were 120 
and 2 0 p ,  respectively. The experiments were carried out at T = 
300 and 77K in the range of magnetic fields 1.2T 5 B I 1.2T. 
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Fig. 2 shows the dependencies of the Hall voltage as a function 
of emitter injection, and Fig. 3 shows the curve IEcl(VEc,) at 
> 0. The unexpected positive result is that the Hall voltage V, 
increases dramatically by -55% at extremely low emitter current 
values of 5pA (Fig. 2), i.e. at these injection values, negative 
resistance occurs (Fig. 3) and a current filament arises at the same 
time. The nonlinearity NL of the output V,(B) in the range -lT I 
B I 1 T  does not exceed the value of NL I lo/, and the tempera- 
ture coefficient (TC) of the magnetosensitivity TC in the interval 
260K I T 5 380K becomes TC = O.lU//K. 
The dependencies shown in Figs. 2 and 3 were also recorded at 
temperature T = 77K on the same samples when their resistance 
was reduced several times by the increased carrier mobility. It was 
established that there was no negative resistance over the curve 
I&( V,,,) at current Zc,,2 > 0 and that the Hall voltage is practi- 
cally uninfluenced by the emitter injection. 
The obtained results are in complete agreement with the pro- 
posed model and are the first evidence in sensor electronics that 
the sensitivity of a Hall nlicrosensor can be enhanced by minority 
carrier injection. 
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Design of photonic crystal optical 
waveguides with singlemode propagation in 
the photonic bandgap 
A. Adibi, R.K. Lee, Y. Xu, A. Yariv and A. Scherer 
The authors prescnt a systematic method for designing dielectric- 
core photonic crystal optical waveguides that support only one 
mode in the photonic bandgap (PBG). It is shown that by 
changing the sizes of thc air columns (without perturbing thc 
positions of the centres of the air column) in the two rows that 
are adjacent to the middlc slab, the higher order mode(s) can bc 
pushed out of the photonic handgap, resulting in singlemode wavc 
propagation in the bandgap. 
Photonic crystals have inspired a significant amount of interest 
recently due to their potential for controlling the propagation of 
light. Photonic crystals with line defects can be used for guiding 
light. Guiding light through sharp bends has been recently pro- 
posed [I] and demonstrated at optical frequencies [2]. Dielectric- 
core photonic crystal waveguides are typically generated by 
removing one row of air holes. This may result in a multimode 
waveguide that is not suitable for many practical applications. We 
recently studied the design of a singlemode dielectric-core phot- 
onic crystal waveguide by placing a thin dielectric slab between 
two PBG mirrors. However, the design of bends using such 
waveguides is complicated due to the breakdown of lattice symme- 
try. In this Letter, we present a systematic method for designing 
dielectric-core photonic crystal waveguides that support only one 
mode in the photonic bandgap (PBG). We show that by changing 
the sizes of the air columns in the two rows that are adjacent to 
the middle slab (without perturbing the positions of the centres of 
the air columns), we can push the higher order mode(s) out of the 
photonic bandgap. Since we do not change the positions of the 
centres of the air columns, we can design bends similar to the 
bends in the multimode waveguides. 
The planar PBG waveguide we analyse throughout this Letter is 
made by removing one row of air coluinns from a triangular lat- 
tice of air columns in silicon (Si). The ratio between the radius of 
an air column (v) and the lattice period in the horizontal direction 
(U) is rici = 0.3. Fig. 1 shows the dispersion diagrams of the TM 
modes (magnetic field perpendicular to the computation plane) of 
the PBG waveguide. To analyse the guiding structures, we used a 
computer code based on the two-dimensional finite difference time 
domain (2D-FDTD) method [3]. To calculate the dispersion dia- 
gram, we used an o r d e r 4  spectral method [4] in the computa- 
tional domain shown in Fig. 3a with Bloch boundary conditions 
on the left and right sides and perfectly matched layers (PML) [5] 
on the top and bottom of the structure. Throughout this Letter, 
we assume U = 24 calculation cells. 
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Fig. 1 shows that there are two modes in the photonic bandgap 
(PBG). Calculation of the field patterns shows that these two 
modes have different symmetries (even and odd). This is not desir- 
able for designing practical bends with good transmissivity in the 
PBG. One idea for obtaining singlemode propagation in the PBG 
is to reduce the thickness of the middle dielectric slab of the PBG 
waveguide by increasing the radii of the air columns in the two 
rows that are adjacent to the middle slab. This results in the 
higher frequency of both modes, especially the odd mode. This 
effect is similar to the known property in the conventional dielec- 
tric slab waveguides that thc dispersion diagram of each guiding 
mode is shifted upward (towards higher frequencies) by decreasing 
the slab thickness (or extending the air region). 
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Fig. 1 Dispersion dic1gr.ain.s of even ond odd TM nioc1e.s (niugnetic Ji'eld 
normcil to culculcition plane) for opticcil vvuveguide tnude hy removing 
one row of air columns jkom two-dimensional photonic cry,strrl consisting 
of' tritrrigulm lattice of ciir columns in .silicon ( S i )  
Distauce betwecn the centres of two adjaccnt air columns in horizon- 
tal direction is cl, and radius of an air column is I = 0.30. To take the 
finite size or the waveguide in thc third dimension (perpcndicular lo 
calculation plane), wc assumed an effective permittivity or E = 7.9 for 
Si. The photonic bandgap (PBG) or the photonic crystal (0.254 < wal 
(27cc) < 0.321) is also shown 
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Radii of all other air columns arc equal to I = 0.300. The reason for 
some missing points in these dispersion diagrams is the lossy (low Q) 
nature of corresponding mode at those points which results into large 
(> 3%) uncertainty in calculation of frequency or mode 
Figs. 2a and 6 show the dispersion diagrams of the even and 
odd modes, respectively, for different radii of the air columns in 
the two rows adjacent to the middle slab (r'). The radii of all other 
air columns are r = 0.300 in all cases. Fig. 26 shows that for r'ict > 
0.40 the odd mode is pushed out of the photonic bandgap, while 
the even mode still covers a considerable portion of the bandgap 
(except for r'ia = 0.50). Therefore, we can obtain singleinode guid- 
ing in the PBG by choosing r'iu > 0.40. However, choosing I' too 
large results in the excessive upward shift of the even mode reduc- 
ing the frequency range for singlemode propagation in the PBG. 
Therefore, the optimum value of r'ia is about 0.40. Fig. 3 shows 
the patterns of the magnetic field of the odd TM mode at K,a = 
3ni4 for different values of / /a.  The field patterns at r'ia = 0.45 
and r'la = 0.50 (Figs. 3c and d, respectively) show that the odd 
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mode is out of the PBG at these values of r'la, since the field is 
extended to the surrounding photonic crystal regions. This is in 
agreement with the dispersion diagrams of the odd mode at these 
values of r'la shown in Fig. 2h. The low loss of the optical mode 
of the waveguide with r'iu = 0.40 (even though the mode fre- 
quency wal(2nc) = 0.330 is slightly out of the bandgap) is due to 
the absence of the photonic crystal modes at that frequency. Note 
that 0.254 < wai(2nc) < 0.321 represents the absolute bandgap of 
the photonic crystal. The bandgap (frequency range with no mode 
present) at a specific value of K,a can be wider than the absolute 
bandgap. 
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Fig. 3 Mugnetic , f M l  (B)  1)attern.s ($odd TA4 nio~lcr of PBG waveguide 
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(K,ci = 3 d 4 )  
(I r' = 0.3Su and oai(2xc) = 0.31 1 
b r' = 0.40~1 and oal(2xc) = 0.330 
c rl = 0.45~1 and wciK27cc~ = 0.359 
d I' = 0.50~1 and ool(2xi) = 0.416 
In all four cases, r = 0.30o 
Thc photonic bandgap is 0.254 < wai(2xc) < 0.321 
One interesting property of the even mode is the relatively flat 
behaviour of the dispersion diagram at higher values of K,u. This 
is due to the coupling of the even mode to the other modes of the 
structure. This coupling is stronger for thinner slabs (or larger r'la) 
due to reduced mode confinement in the middle slab. Therefore, 
the flat region of the even mode is extended to lower values of K,a 
by increasing r'ici. 
Note that the design of a bend using the proposed waveguide 
(with singlemode propagation in the PBG) is similar to that using 
a waveguide made by removing one row of air columns (the 
waveguide with r'iu = riri = 0.3). The design of the latter has been 
done by several research groups [ l ,  21. The reason for the similar- 
ity of the dcsign in two cases is that the positions of the centres of 
all air columns (including the oues adjacent to the middle slab) are 
the same in both cases. This is a main advantage of our design. 
To  summarise, we have presented a systematic way of designing 
dielectric-core photonic crystal waveguides with only one mode in 
the photonic bandgap. Wc showed that by redesigning the two 
rows of air columns that are adjacent to the middle slab, we can 
push the higher order mode(s) out of the photonic bandgap. 
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3 
Narrow-band light emission in 
semiconductor-fibre asymmetric waveguide 
coupler 
E. Mao,: D.R. Yankelevich, C.-C. Lin,  0. Solgaard,  
A. Knoesen  a n d  J.S. Harris  Jr 
A narrow-band, fibre-coupled light emitter based on the 
evanescent coupling between a semiconductor waveguide and a 
singlemode fibre is presented. The wavelength selectivity of the 
eqission spectrum is caused by the index asymmetry between thc 
tdo waveguides. A minimum linewidth of 1.5nm is obtained. 
Zntroduction: Wavelength division multiplexed (WDM) communi- 
cation systems require narrow-band, wavelength stabilised, and 
fibre-coupled light sources. Traditionally, such devices are 
obtained with the use of diffraction gratings (written either on the 
semiconductor source or the fibre) and butt-coupling to fibres. 
This method leads to high fabrication costs and high insertion 
losses. An asymmetric waveguide coupler, which is made up of a 
semiconductor waveguide evanescently coupled to a singlemode 
fibre, can provide solutions to these problems. In this Letter, we 
describe a narrow-band light emitter, implemented with a polished 
fibre half coupler and a semiconductor anti-resonant reflective 
optical waveguide (ARROW). 
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Fig. 1 Schematic diagram of GaAsIAlGaAs in-line fibre light emitter 
a Side view 
b Cross-sectional view 
Proton implantation used to confine current injection to near fibre 
core 
The fibre half coupler is made by epoxying a singlemode fibre 
into a curved groove in a glass substrate and then polishing both 
the substrate and the fibre cladding to within a few microns of the 
fibre core [I]. The ARROW consists of a core sandwiched between 
two distributed Bragg reflector (DBR) mirrors. The mirrors are 
1378 ELEC 
doped to form apin structure, and a quantum well is placed in the 
intrinsic region. When the ARROW is attached to the polished 
fibre half coupler, optical waves can be guided in its core by 
reflection from the n-doped DBR mirror on the one side, and a 
combination of reflection from the p-doped DBR mirror and total 
internal reflection from the fibre cladding on the other side. The 
device schematic is shown in Fig. 1. The mirrors help to support a 
propagating mode in the semiconductor that has a low enough 
effective index to phase-match to the fibre. The two waveguides 
have very different dispersion characteristics, therefore phase- 
matching occurs only at specific wavelengths. By forward biasing 
the pin diode, electrons and holes are injected into the intrinsic 
region and most of them recombine in the quantum well, creating 
photons. The photons are emitted into multiple modes, and only 
those that are phase-matched to the fibre mode are coupled into 
the fibre. Therefore, a narrow-band output from the fibre can be 
obtained. 
Experiment: To demonstrate this device concept, a GaAstAIGaAs 
ARROW was grown by molecular beam epitaxy (MBE) on an n+ 
GaAs substrate. The n-type and p-type DBR mirrors consist of 40 
and 5 pairs of A1AstAlo,,3Gao,67As quarter wave layers, respec- 
tively. The mirrors were optimised for maximum reflection at 25“, 
which is the mode angle required for phase-matching to the single- 
mode fibre. The p-type mirror was designed to be partially reflec- 
tive so that there is sufficient field overlap between the guided 
modes of the fibre and the ARROW. The core of the ARROW 
was made up of an &.33Gq.67A~ layer and a 75A GaAs quantum 
well. The quantum well was placed at the centre of the core where 
the intensity peak of the guided mode occurs. 
Following MBE growth, the wafer was processed and cleaved 
into pieces for testing. During testing, the ARROW sample was 
mounted on a metal stage with conductive paste. A fibre half cou- 
pler (from Canadian Instrumentation and Research Ltd) with a 
polished interaction region of -1” in length was mounted on a 
x-y-z stage and positioned on top of the ARROW sample. The 
position of the fibre core was determined by launching light from 
a GaAs laser diode into the fibre half coupler and observing the 
scattered light with an infrared CCD camera. After aligning the 
fibre core to the ARROW, the two waveguides were brought into 
contact. Drops of index matching fluid, the index of refraction 
(1.458) of which was very close to the fibre cladding index (1.452), 
were applied at the interface to ensure good optical contact. The 
optical output from the fibre was observed using a spectrum ana- 
lyser. 
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Fig 2 Measured device emission spectra 
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Results: The output spectra as a function of injection currents are 
shown in Fig. 2. The two groups of emission peaks correspond to 
TE and TM resonances. The TE (electric field vector parallel to 
the plane of the GaAs wafer) resonances have narrower linewidths 
mainly because of the higher reflectivity of the DBR mirrors, and 
hence lower ARROW propagation losses. There was no observed 
linewidth narrowing with increasing input current, which indicates 
that there were not sufficient carriers injected to produce transpar- 
ency in the quantum well. The total output power measured with 
’TRONICS LETTERS 3rd August 2000 Vol. 36 No. 16 
